A B S T R A C T
The mud-dominated Lower Muschelkalk carbonates (Middle Triassic) are a unique reservoir currently producing gas in the Dutch De Wijk field. Numerous gas shows scattered over the Netherlands onshore and offshore suggest further, currently unrecognized potential. This study complements an extensive subsurface data set with selected outcrop information to localize missed opportunities and evaluates the factors controlling the development of this unusual reservoir type. The muddy carbonates are deposits of a stormdominated, epeiric carbonate ramp with negligible depositional gradient. Different marlstone, dolomudstone, and lime mudstone facies types reflect the low-energy coastal-plain to inner ramp and higher energy midramp to proximal outer ramp depositional environments. The best reservoir facies is recognized in distal inner ramp algal dolomudstones (porosity up to 24% and permeability up to 32 md). Because of the variable intensity of early, faciesrelated diagenesis, the reservoir quality of dolomudstones decreases markedly in landward and seaward direction from the distal inner ramp. The stacking of decimeter-to meter-thick reservoirs is reflected by a fourfold hierarchy of depositional cycles that can largely be recognized with conventional wire-line logs. High-resolution outcrop and subsurface correlations reveal that stacks of thin-bedded reservoir units most probably pinch out within a few kilometers, and that their lateral continuity should not be overestimated despite the epeiric layer-cake setting. Local reservoir occurrences are commonly situated above paleohighs of tectonic or halokinetic origin. Not only the reduced thickness of the Lower Muschelkalk above these paleohighs, but also the presence and lateral extent of local reservoirs, might be detected with seismic data. The general facies
INTRODUCTION AND PURPOSE
The Middle Triassic Lower Muschelkalk carbonates are a rather unusual reservoir consisting predominantly of mudstones. Grain-rich layers are restricted to a few centimeter-thick and less common, few decimeter-thick units. Nonetheless, the muddy carbonates compose a gas-producing formation in the De Wijk field located in the northeast Netherlands. The possible upside potential of the Lower Muschelkalk is indicated by dozens of gas shows and a few oil shows scattered over the Dutch onshore and western offshore. Until now, the regional distribution of Lower Muschelkalk reservoir potential was uncertain because of the lack of a regional facies model. It was therefore the aim of this study to construct an integrated facies and reservoir model of the Lower Muschelkalk covering the entire Netherlands.
In addition, this study strives to gain a genetic understanding of the factors responsible for the development of good reservoir quality in this unusual epeiric carbonate system. Are the stacks of meter-thick net pay intervals stratigraphically predictable, and can they be recognized on wire-line logs and possibly even with seismic data? Individual stratigraphic units are apparently of very high lateral continuity (Kramm, 1997; Kedzierski, 2002) , and some marker beds can be traced throughout large parts of the German basin (Gö tz, 1996) . However, little is known about the lateral persistence of good reservoir quality in the muddy carbonates. Despite the apparent layer-cake stratigraphy, reservoir quality is known to change within a few kilometers in epeiric settings (Leighton and Kolata, 1991) .
Beyond a better understanding of Lower Muschelkalk reservoirs, the results of this study may contribute to the understanding of similar muddy epeiric carbonate reservoirs. Muddy epeiric carbonates are typical of the Precambrian (e.g., Pratt, 2001 ) and constitute some of the oldest petroleum occurrences known in the world. Among them is the late Precambrian to Early Cambrian Ara carbonate stringer hydrocarbon play in Oman (cf. Peters et al., 2003) , receiving increased attention in recent years (e.g., Grotzinger and Amthor, 2002; Schrö der et al., 2003; Shuster, 2003) . Other major plays in epeiric carbonates are found in the PermianTriassic Khuff Formation of the Middle East (e.g., Alsharhan, 1993; Dasgupta et al., 2002) .
GEOLOGIC SETTING
The Lower Muschelkalk carbonates were deposited in the semienclosed intercratonic German basin. According to Ziegler (1990) and Dercourt et al. (1993) , the basin was surrounded by areas of (including the Groningen field) producing from Carboniferous and Permian -Triassic carbonate and siliciclastic reservoirs. nondeposition (paleohighs) and connected to the Tethys Ocean by two narrow seaways (Figure 1 ). The German basin was situated about 30j of the northern latitude and experienced an inter-to subtropical, semiarid climate with strong monsoonal influence (van der Zwaan and Spaak, 1992; Parrish, 1993) and was heavily affected by hurricanes and winter storms (Marsaglia and Klein, 1983; Aigner, 1985) . The Dutch study area is located close to the northwestern margin of the German basin. This area was influenced by winds from the southwest (Aigner, 1985; Kostic and Aigner, 2004) and the input and deposition of fine-grained terrigenous siliciclastics (Ziegler, 1990) . In contrast to the depocenters of the German basin recording maximum thickness of Muschelkalk sediments (Wolburg, 1969; Schroeder, 1982) , the study area is characterized by reduced sediment thickness and a more marginal facies (J. E. Marbillard, 1989, personal communication) .
A complex, multiphase tectonic history, including the Late Silurian -Early Devonian Caledonian orogeny, the Late Devonian-Carboniferous Variscan orogeny, and the Permian-Triassic post-Variscan disintegration, resulted in the segmentation of the study area into several smaller subbasins separated by tectonic highs that were active during the Lower Muschelkalk (Geluk, 1999) (Figure 2 ). Pulses of tectonic activity were accompanied Figure 1 . Lower Muschelkalk paleogeography of the German basin. Crucial characteristics of the study area include hundreds of kilometers distance to the oceanic waters of the Tethys, close proximity to and in the leeward wind position of the London-Brabant Massif, and in a depocenter for fine-grained terrigenous sediments. These factors contributed to the dominance of fine-grained, muddy, and marly carbonates and possibly strong effects of early facies-related diagenesis (e.g., dolomite and anhydrite cementation), resulting in generally poor reservoir quality. Compiled from Ziegler (1990) and Hagdorn and Seilacher (1993) .
by the movement and diapirism of the Permian Zechstein salts (Remmelts, 1996) . Both the paleotectonic and the halokinetic movements influenced sedimentary patterns in the Lower Muschelkalk (Thieme and Rockenbauch, 2001; Mohr et al., 2003) .
The Lower Muschelkalk carbonates of the German basin represent a marine incursion between the terrestrial to marginal-marine Rö t claystones and siltstones and anhydrites below and the halite and anhydrite of the Middle Muschelkalk above (Figure 3 ). On wire-line logs of the Dutch subsurface, the serrated blocky signature of the Lower Muschelkalk carbonates (low gamma ray, variable sonic transit time) is easily distinguished from the spiky upper Rö t claystones (high gamma ray, high sonic transit time) and the blocky Middle Muschelkalk halite (very low gamma ray, moderately low sonic transit time) (Rijks Geologische Dienst, 1994) . In terms of sequence stratigraphy, the Lower Muschelkalk is composed of one large-scale transgressive-regressive cycle (Aigner et al., 1998) . In cores (and outcrops), the interval of maximum large-scale transgression is recorded by two prominent, few decimeter-thick, brachiopod-bearing marker beds (Terebratelbänke). Internally, the Lower Muschelkalk can be subdivided into numerous wire-line -log cycles (Figure 3) (Gaertner, 1993; Pipping et al., 1999) , hinting at the cyclical architecture long known and studied in German outcrops (Fiege, 1938 ; Gö tz and Figure 2 . Major paleotectonic elements of the Dutch onshore and the K, L, P, and Q offshore blocks, as well as the distribution of data used in this study. The pronounced structuring of the study area into several subbasins and intermittent highs active during the Middle Triassic has influenced sedimentation and reservoir distribution patterns in the Lower Muschelkalk. Some of the outcrop analogs are located approximately 100 km (62 mi) toward the east (not on the map) close to Osnabrü ck, Germany. -Burkhardt, 1999; Kedzierski, 2002) . Lateral equivalents of some marker beds observed in German outcrops can also be recognized in cores and wire-line logs of the subsurface (Gaertner, 1993; Geluk, 1999) . The depositional cycles are of key importance in reservoir prediction (Pipping et al., 1999) .
Feist

METHODS AND SOURCES OF DATA
In general, this study follows the one-dimensional (facies, reservoir properties, and vertical stacking), twodimensional (genetic correlation), to three-dimensional (mapping) approach for carbonate reservoir characterization, as suggested by Kerans and Tinker (1997) . The investigated data set includes the sedimentologic description of 10 cored wells and 3 outcrops, 16 wells with cuttings and/or sidewall samples, and goodquality wire-line logs (gamma ray, sonic, and density) from more than 170 wells (see Figure 2 for location). The generation of electrofacies types relied chiefly on the visual clustering of gamma-ray, sonic, and density logs in cored wells and was then extended to wells without core coverage but was repeatedly cross-checked with cutting or sidewall samples. Depositional cycles or sequences at any physical and temporal scale as well as the cycle hierarchy were analyzed according to the concept of accommodation versus supply as summarized in Cross and Lessenger (1998) , Homewood et al. (1999) , and Homewood and Eberli (2000) . This genetic sequence-stratigraphic approach was considered appropriate for this study because of the following reasons: (1) the general lack of seismic-scale geometries (only parallel reflectors) that is a direct result of the epeiric depositional setting as well as the rather thin (35 -120 m; 114 -393 ft) and thin-bedded nature of the investigated successions; (2) the widespread absence of distinct stratal surfaces that can be unambiguously identified as sequence boundaries or maximum flooding surfaces; and (3) the essential high-resolution calibration using outcrops and cores.
To guide field-scale correlations of individual units, the lateral continuity of reservoir analog facies was investigated in outcrops for up to 400 m (1300 ft) whenever possible. In the subsurface, more than 20 highresolution stratigraphic correlation panels of regional extent were assembled. Stratigraphic correlations were complemented with selected regional-and field-scale seismic lines to check for possible geometries, lateral continuity, and thickness variations. Whenever possible, the seismic data were compared with synthetic seismograms.
A base map incorporating paleogeography and paleotectonic elements was assembled from the digital database of Nederlandse Aardolie Maatschappij B.V. and the published subsurface maps of the National Institute of Applied Geosciences-National Geologic Survey (e.g., NITG-TNO, 1993 ). This base map was combined with different data sets (thickness, facies, net to gross, reservoir quality, and gas shows) generated in this study. Contouring was conducted by hand to ensure the best-fit integration of the paleotectonic and paleogeographic framework. The maps presented here are based predominantly on wire-line -log data and highlight regional trends. They do not have the same degree of spatial resolution attainable with seismicbased maps.
FACIES AND RESERVOIR PROPERTIES
Sedimentary Facies
The Lower Muschelkalk consists almost solely of finegrained, particle-poor carbonates. Several marlstone, lime-and dolomudstone, and grainstone and packstone facies types record several distinct sedimentologic processes. The different facies types (summarized in Table 1 , ordered from fine-to coarse-grained) reflect the proximal to more distal subenvironments of a storm-dominated epeiric carbonate ramp.
A low-energy coastal-plain environment is characterized by pedogenic dolomarlstones (facies 1) of brick red to brown, purple, or green color (Figure 4a, e) . Subaerial exposure of the coastal plain is recorded by poorly preserved desiccation polygons. Occasional events of higher energy are reflected by a few centimeterthick, laminated, and current-rippled beds in the generally brecciated and mottled texture of the pedogenic dolomarlstones.
Downdip, the coastal plain grades into the lowto intermediate-energy inner ramp environment. The proximal inner ramp is typically represented by peritidal, algal-laminated dolo-and lime mudstones (facies 3) with common desiccation cracks (Figure 4b , c, f ) and tracks of terrestrial vertebrates (Demathieu and Oosterink, 1988; Diedrich, 2001) . In seaward direction, the algal mudstones of the proximal inner ramp interfinger with storm-reworked graded laminated mudstones (facies 5) of the distal inner ramp, attesting to an increase in hydrodynamic energy (Figure 5a -e). Periodic high-energy events in the inner ramp are documented by centimeter-thick intraclastic packstones (facies 7) (Figure 5c, g ). A possible concomitant seaward improvement in water quality (salinity, turbidity, or trophic level) is indicated by the occurrence of bioturbated mudstones (facies 4) (Figures 4d, g; 5d) and the gradual seaward increase in their bioturbation intensity. The ichnofacies of inner ramp bioturbated mudstones is distinctly different to the outer ramp bioturbated lime mudstones (Wellenkalk) (Schwarz, 1970; Knaust, 1998) : Inner ramp ichnofacies is characterized by millimeter-size, simple, Planolites-type traces of predominantly horizontal orientation, whereas centimeter-size, more complex ichnofauna (e.g., Rhizocorallium) of horizontal and vertical orientation are typical for the outer ramp setting. Rather simple ichnofabrics are also observed in the prominent, decimeter-to meter-thick gray, bituminous lime marlstone (facies 2), which are occasionally intercalated within algal and bioturbated mudstones (facies 3 and 4) of the inner ramp. Although observed in several cores and well exposed in the analog Winterswijk outcrop, the source rock potential of gray bituminous marlstones has not been investigated to date.
Seaward, the inner ramp passes into the highenergy midramp environment, featuring abundant beds of graded laminated lime mudstones (facies 5) and intercalated centimeter-to decimeter-thick beds of skeletal peloidal lime packstones and grainstones (facies 6) ( Figure 5b , f ). The predominance of physical sedimentary structures (scour surfaces, bidirectional tool marks, graded beds, and pot and gutter casts) and the mud-poor texture of skeletal peloidal lime packstones and grainstones points to common reworking of the sediment by storms. The coarse skeletal material, consisting of bivalve, brachiopod, and sparse ceratite shells, as well as minor amounts of crinoidal debris, indicates the most open-marine, normal-marine conditions in the Lower Muschelkalk. The record of high-energy storm events in the midramp also includes intraclastic packstones (facies 7) (Figure 5c , g).
Not recognized within the study area but described in the literature (e.g., Schwarz, 1970; Gö tz, 1996; Kedzierski, 2002 ) is the downdip midramp transition into the intermediate-to low-energy outer ramp environment consisting of graded, laminated lime mudstones ( Figure 5 ), bioturbated lime mudstones (Wellenkalk), and sparse centimeter-thick, graded skeletal lime packstones (facies 6). This facies assemblage reflects the seaward decrease of hydrodynamic energy.
Reservoir Characteristics
Porosity and permeability (poroperm) were measured on more than 100 plugs from cores of 7 different wells (for the location, see Figure 2 ). Note that a representative number of samples are only available for the volumetrically important algal-laminated mudstones (facies 3), bioturbated lime mudstones (facies 4), and graded laminated lime mudstones (facies 5) ( Figure 6 ).
Although lacking permeability (consistently below 1 md), pedogenic dolomarlstones (13 samples) possess significant microporosity (up to 21%). Because of their high clay content and the small pore size, the marlstones probably do not constitute reservoir and form marly baffles instead, impeding fluid flow but not sealing off reservoir units.
Algal-laminated mudstones (37 samples) include limestone and dolomite samples, explaining the wide scatter in poroperm values (Figure 6, top) . Reservoirquality rocks (k > 1 md) typically have several characteristics in common: dolomite lithology, weak dolomite cementation, and the absence of anhydrite cements. In general, algal mudstones with higher amounts of calcisiltitic laminae appear to have better poroperm characteristics in contrast to calcilutitic algal mudstones. The two log-linear regression trends for algal mudstones (Figure 6, top) bracket the uncertainty when transforming wire-line-log -derived porosity into permeability. Algal mudstones contain, by far, the highest fraction of reservoir in contrast to other facies types.
Bioturbated lime mudstones (26 samples) are mostly tight (k < 1 md) because of strong calcite cementation (Figure 6, middle) . A few samples with touching vug porosity record permeability values higher than 10 md, but these are the exception and not the rule. In contrast to algal mudstones, both porosity and permeability in bioturbated mudstones record systematically lower values because of weak (incomplete) dolomitization.
Similar to bioturbated lime mudstones, graded laminated lime mudstones (27 samples) are mostly tight rock ( Figure 6 , bottom) caused by strong calcite cementation. Not surprisingly, the shift toward lower porosity and permeability is even more pronounced in graded laminated mudstones than in bioturbated mudstones.
Because of the lack of representative plug data, the reservoir potential of skeletal peloidal lime packstones and grainstones (one sample) and intraclastic packstones (one sample) is uncertain. This, however, is not a major concern because these facies types are commonly only a few centimeters thick. Most probably, they do not contribute substantially to the reservoir column in the study area.
Fractures do not seem to contribute to good reservoir quality in this overall low-permeability reservoir. Most of the fractures are the result of core or plug recovery and subsequent handling and storage. Sparse, natural fractures observed in cores are of subvertical orientation, a few decimeters in length with undulating walls of rough texture. Without exception, the encountered fractures are occluded by anhydrite and/ or halite.
Vertical Stacking Patterns
Facies of the Lower Muschelkalk do not occur in random order. Instead, the vertical distribution of facies, including their reservoir properties (potential reservoir, tight rock, and marly baffle), is highly ordered and expressed by a fourfold hierarchy of transgressiveregressive cycles (small, medium, intermediate, and large) (Figures 7, 8) . This hierarchy is best recognized in outcrop and core data, but to a certain extent, it is also recorded by wire-line logs.
Typically, small-scale cycles with a thickness of a few meters adhere to a simple motif: pedogenic Subtle but systematic variations in the facies composition observed in stacks of four to six small-scale cycles reflect the superimposed trends defining mediumscale cycles. The Lower Muschelkalk is interpreted to consist of four medium-scale cycles. Typically, the thickest reservoir-prone algal-laminated dolomudstones are found in the initial transgressive deposits and the maximum regressive deposits of medium-scale cycles (Figure 8 ). The cumulative thickness of reservoir-prone algal-laminated dolomudstones (facies 3) is not similar within each of the medium-scale cycles. Instead, medium-scale cycles with low cumulative thickness of algal dolomudstones (1 and 3) alternate with high cumulative thickness (2 and 4). Based on this observation, the four medium-scale cycles are grouped into two intermediate cycles. During each of the intermediate cycle regressions, the cumulative thickness of algal dolomudstones is clearly higher (Figure 8) .
The overall large-scale, transgressive-regressive cycle constituting the entire Lower Muschelkalk is poorly depicted by gamma-ray logs. In cores and outcrops, however, the succession around peak transgression is reflected by several decimeter-thick, grain-rich, brachiopod-bearing marker beds (Terbratelbänke) documenting the most open-marine conditions (Aigner et al., 1998) . Similar to the small-scale (marly) baffletight porous pattern, the basal parts of the large-scale cycle are noticeably marlier and commonly devoid of reservoir potential (Figure 8) .
The punctuated but predictable occurrences of stacks of reservoir-prone dolomudstones reflect the superimposed trends of the small-, medium-, and intermediate-scale as well as the large-scale cycle. This fourfold hierarchy directly controls the vertical stacking of reservoir-prone, tight, and (marly) baffling facies. The high-resolution sequence-stratigraphic framework is thus of key importance for the stratigraphic correlation. (Reineck, 1967) .
Diagenesis and Reservoir-Quality Variations
Although the reservoir quality of dolomudstones is variable, in general, it is primarily limited to the stacked decimeter-to meter-thick units of algal facies (facies 3) (Figure 6 , top). Detailed core and plug analysis documents the gradual upsection increase in dolomite content during small-scale cycle regressions and the occurrence of good-quality dolomite reservoir units (k > 1 md) a few decimeters below the peak regression (Figure 7 ). Deposits directly below the peak regression are also thoroughly dolomitized but are of poor reservoir quality or even tight. In a similar fashion, the pedogenic dolomarlstones (facies 1) are also thoroughly dolomitized, but are nonetheless considered nonreservoir and (marly) baffles instead. The preferential occurrence of early transgressive and late regressive dolomitized deposits is repeated at several, superimposed cycle orders (Figure 8 ). Furthermore, dolomitization preserves existing (sedimentary) structures and textures. In combination with the described lateral thickness variations of dolomudstones, proximal and thick versus distal and thin, these observations favor an early, facies-selective, synsedimentary process of dolomitization. Dolomite formation is accompanied, spatially and chronologically, by dissolution as recorded by the oversized pores and local idiomorphic crystal molds (Figure 6 , top), multiple phases of dolomite cementation within the oversized pores, and anhydrite cements that postdate dolomite cements (CoreLab, 1998, personal communication) .
This diagenetic sequence could be explained by hypersaline reflux dolomitization (sensu Lucia and Major, 1994) , inducing first dolomitization and leaching and then dolomite and anhydrite cementation by gravity-driven, hypersaline brines generated by evaporation in restricted, proximal depositional environments. The sediments in more proximal areas are strongly affected by repeated episodes of dolomite cementation (overdolomitization) and anhydrite plugging, resulting in poor reservoir quality (Lucia and Major, 1994; Saller and Henderson, 1998) . Deposits in more proximal areas (e.g., coastal plain and proximal inner ramp) can be dolomitized during late regression, with increasing restriction, and during initial transgression, before the onset of open-marine conditions. In more distal areas (e.g., distal inner ramp) still affected by the downgradient flow of the hypersaline brines, the original limestone sediment is dolomitized but not (or less) affected by the dolomite and anhydrite cementation, thus retaining some porosity and permeability, i.e., good reservoir quality (Lucia and Major, 1994; Saller and Henderson, 1998 ).
This diagenetic model could explain (1) the (scarce) tight basal dolomites (medium-scale cycle 1) as well as the relatively poor reservoir quality of the stacked dolomites at the very top of the Lower Muschelkalk, both representing a sedimentologic and diagenetic proximal environment; (2) the good reservoir quality of dolomite units around in medium-scale cycles 2 and 3 and the base of medium-scale cycle 4 (Figure 8 ), interpreted as a more distal diagenetic environment.
According to Walther's law, which states that facies adjacent to one another in a continuous vertical sequence are adjacent to one another laterally as well, the observed vertical variations of poor and good reservoir quality also imply a lateral and, thus, paleogeographic effect on reservoir-quality distribution. Although more proximal successions (coastal plain and proximal inner ramp) contain large amounts of (marly) dolomite, they have less reservoir potential in comparison to more distal sections (distal inner ramp) containing some reservoir-quality dolomite and tight limestones. This is indeed supported by the inspected cores, sidewall samples, as well as the location of the producing De Wijk field. Apparently, areas more distal to paleohighs (e.g., London-Brabant massif) are less severely affected by overdolomitization and evaporite cementation, and therefore, successions display better reservoir quality and higher net-to-gross ratios. Although plausible, further (geochemical or isotopic) data are needed to confirm the interpretation of the dolomitization process.
Electrofacies
Precise identification of facies or even lithology of the Lower Muschelkalk carbonates with standard wire-line logs and quick-look methods is difficult because of the thin-bedded nature of the reservoir; the associated mix of mineralogy, including calcite, dolomite, clay minerals, and admixtures of anhydrite; and the low diversity in pore types. Even the correct identification of dolomite would not ensure the reservoir quality of the defined interval. Instead, the electrofacies types defined in this study are a function of the inherent sedimentologic and diagenetic properties of the carbonates and are qualitatively defined as clean or marly and porous or tight.
The electrofacies scheme was core calibrated to the producing well De Wijk-16 ( Figure 8 ) and produced reliable results in numerous wells where it could be verified with core or cutting control. The scheme is based on visual clustering of gamma-ray, sonic, density, and neutron logs and identifies three electrofacies types termed ''reservoir,'' ''tight rock,'' and ''marly baffle'' in an interpretive manner (Figure 9 , left). The quality of the identified reservoirs is assessed in a semiquantitative fashion according to the reaction of the porosity-indicating logs (Figure 9 , right). To ensure a consistent interpretation and to counteract variable readings resulting from different wire-line tools, all of the logs were normalized, and relative cutoffs (e.g., 30% gamma ray) were used instead of absolute ones (e.g., 50 API).
Reservoir identification with the proposed electrofacies scheme is most effective in areas where the Lower Muschelkalk is represented by clean carbonates (alternating with marlstones) similar to the De Wijk field. This is the case in most of the study area, including the central and eastern parts of the West Netherlands basin, the Broad Fourteens basin, the Central Netherlands basin, and the Lower Saxony basin (Figure 2 ). In the western part of the West Netherlands basin, however, the Lower Muschelkalk is marlier and contains significant amounts of anhydrite, so caution is urged when interpreting electrofacies results. In this area, the prediction of reservoir intervals by electrofacies is probably too optimistic and underestimates the presence of marly baffles.
Integrated Lower Muschelkalk Model
The sedimentologic, petrographic, diagenetic, reservoir, and wire-line -log attributes for the different depositional environments are compiled in a conceptual facies model of the Lower Muschelkalk epeiric carbonate ramp (Figure 10) . Although static and, thus, not incorporating the sedimentologic response to variable accommodation to supply conditions (e.g., a rise in sea level), it is essential to understanding the interrelationship of different rock characteristics.
RESERVOIR CONTINUITY
The Lower Muschelkalk stratigraphic architecture is commonly described as layer-cake-like, consisting of stacked, laterally extensive, mud-rich, and (sparsely) grain-rich sheets. More specifically, stacks of decimeterto meter-thick dolomudstone reservoirs are interpreted to be laterally persistent for at least several kilometers (Pö ppelreiter, 2002) . The prominent grain-rich German marker beds seem to be traceable for hundreds of kilometers in the German basin, although synchronous deposition of any one bed may be questionable (cf. Kramm, 1997; Kedzierski, 2002) . A high degree of lateral continuity also seems to be supported by the overall low variability of wire-line -log signatures observed over tens of kilometers to up to 100 km (62 mi) in the Dutch subsurface and adjacent areas (Gaertner, 1993; Michelsen and Clausen, 2002) . Likewise, seismic reflectors defining the base and the top of the Lower Muschelkalk are highly continuous (Rijks Geologische Dienst, 1994) . In the following discussion, each of the data sources will be carefully reevaluated with respect to stratigraphic continuity and reservoir heterogeneity in the Lower Muschelkalk.
Outcrop Scale and Near Well Scale (10 to 100 to 1000 m; 32 to 328 to 3280 ft)
In outcrops, meter-thick facies units, such as the prominent pedogenic dolomarlstones (facies 1), are highly continuous. In contrast, the thickness of centimeterto decimeter-thick grain-rich marker beds (skeletal peloidal lime packstones and grainstones, facies 6; and intraclastic packstones, facies 7) ranges up to 50%, and beds are laterally discontinuous over tens of meters in the same stratigraphic level. These easily discernable, grain-rich beds are important for the recognition and interpretation of the multiordered cyclical framework but could very well be missed (absent) in cores. Outcrop-to near-well-scale variations in reservoir quality were not investigated.
Field Scale (1 -20 km; 0.62 -12 mi)
In the producing De Wijk field, the gamma-ray log signature is highly consistent from well to well, implying lateral continuity. Despite this, lateral variations Figure 6 . Porosity-permeability values (air permeability, unstressed) for algal-laminated mudstones (top), bioturbated mudstones (middle), and graded laminated mudstones (bottom). Porosity in the microphotographs (left) is recognizable by the blue stain. Reservoir quality is chiefly associated with dolomitized algal mudstones (facies 3). Note the pronounced shift in porosity and permeability toward lower values from top to bottom facies. Figure 7 . Several petrophysical attributes record systematic trends that mirror the depositional small-scale cycles. Note how the strata directly below the peak regression are tight. The best reservoir quality is encountered 0.5-1 m (1.6-3.3 ft) below maximum regression. Figure 8 . Fourfold hierarchy of depositional cycles and their stacking patterns recorded by wire-line logs, petrophysical attributes, and sedimentologic structures exemplified by well De Wijk-16. Several lithological, sedimentological, and petrophysical attributes of the carbonates, including the punctuated occurrence of reservoir facies, seem to be controlled by the multiordered cyclicity.
in facies are documented by a correlation integrating all available core data in the De Wijk field (CoreLab, 1998, personal communication) . This study compared and correlated reservoir successions (reservoir, tight rock, and marly baffle) for several De Wijk wells based on the electrofacies scheme for the purpose of identifying field-scale reservoir heterogeneity (Figure 11) . Some of the decimeter-to meter-thick reservoir layers seem to pinch out, laterally grading into tight dolomites or limestones in 0.5 -1.5 km (0.31 -0.9 mi). Within comparable stratigraphic intervals (all of the De Wijk wells are affected to a variable degree by post-Triassic erosion), net to gross ranges from 23 to 17%. Furthermore, judging by the porosity-indicating wire-line logs and the poroperm plug data, subtle but noticeable differences in reservoir quality should be expected as well.
Similar field-scale reservoir heterogeneities that seem to contradict a strictly layer-cake system are also recognized in closely spaced Lower Muschelkalk outcrops in Osnabrü ck (north Germany), lending further credibility to the subsurface observations. Although reservoir successions are present in each of the wells (and outcrops) in the same cycles, their lateral persistence and the homogeneity of reservoir quality should not be overestimated even at field scale despite the epeiric depositional setting.
Regional Scale (More than 20 km; 12 mi) Even on a regional scale, the Lower Muschelkalk log signature is surprisingly consistent, exhibiting only minor variations over several tens of kilometers. The Figure 10. Conceptual model of the Lower Muschelkalk epeiric carbonate ramp linking depositional, sedimentologic, petrographic, and diagenetic characteristics from core, outcrops, thin sections, and cuttings to gamma-ray (GR) log signature and reservoir characteristics. straightforward peak-to-peak correlation, especially of the gamma-ray log, which is not effected by porosity, is also supported by core data. Relatively marly deposits, for instance, always record the initial transgression, independent of the landward or seaward paleogeographic location. The facies of marly deposits varies systematically from marginal marine in landward areas to clearly subtidal in seaward areas. Thus, the marly horizons are interpreted to represent time lines bracketing genetic units (i.e., cycles). An east-west-trending, dip-oriented stratigraphic cross section, including the producing De Wijk field and crossing several paleotectonic elements, reveals the following systematic variations (Figure 12) .
The thickness of the Lower Muschelkalk succession gradually decreases westward (J. E. Marbillard, 1989, personal communication) . Close to the paleohigh of the London-Brabant massif in the western part of the study area (West Netherlands basin), the Lower Muschelkalk onlaps onto the Rö t siliciclastics (e.g., well STRW-1).
Concomitant with this decrease in thickness, the content of marly baffles increases noticeably from 16% (WYK-16, Friesland Platform) to 37% (STRW-1, West Netherlands basin). In addition, the western sections with reduced thickness commonly have noticeable amounts of anhydrite.
Carbonates in the seaward Lower Saxony basin are dominated by tight limestones and only minor amounts of tight dolomite. On the adjacent Friesland Platform, substantial amounts of porous and tight dolomite alternate with tight limestones. Farther westward, within the Central Netherlands basin, the Lower Muschelkalk is generally limestone-dominated, with small amounts of tight and porous dolomite. Even farther west in the West Netherlands basin and especially close to the paleohigh of the London-Brabant massif, tight and marly dolomites are the predominant lithology.
Appreciable amounts (net to gross larger than 0.08) of good-to moderate-quality reservoir occurs only around the Friesland Platform and, to a lesser extent, along the western margin of the Central Netherlands Areas with elevated net to gross and moderate to good reservoir quality seem to be patchily distributed. See Figure 2 for cross section location.
basin. The western margin of the Central Netherlands basin consists of a series of tilted hanging-wall blocks (Rijkers and Geluk, 1996; Geluk, 1999) . Based on sediment thickness (relative to the surroundings) and the alternations of limestones and dolomites, the Lower Muschelkalk succession above the hanging-wall blocks resembles the deposits on the Friesland Platform. Apparently, the relatively thin Lower Muschelkalk deposits above depositional highs are frequently more reservoir prone because they are likely to concentrate slightly coarser, calcisiltitic sediments and increase the likelihood of early, syndepositional diagenesis. Similar observations have been made in modern carbonates of the Arabian Gulf (Purser, 1973 ). This concept is strongly supported by a northsouth-trending, strike-oriented regional cross section crossing the Lower Saxony basin (Figure 13 ). Only the highs bounding the basin (wells SWZ, GSV, LUT, and ROW) as well as the intrabasinal high of Sleen field (SLN) feature significant amounts of good-quality reservoir. Frequently, the Lower Muschelkalk succession is markedly thinner on these highs in comparison to the surrounding lows.
On seismic data, the approximately 100 m (328 ft)-thick Lower Muschelkalk of the northeast Netherlands is bracketed by two characteristic high-amplitude reflections.
(1) The transition from acoustically soft Middle Muschelkalk halite to acoustically hard Lower Muschelkalk carbonates gives rise to an acoustic impedance increase (hard kick corresponding to a trough). This event is more prominently developed with increasing thickness of the Middle Muschelkalk halite. Because of the relatively thin halite, the reflection at the top of the Lower Muschelkalk is only poorly developed in the Dutch type well Sleen-4 (Figure 3) . (2) The base of the Lower Muschelkalk is marked by a transition from acoustically hard Lower Muschelkalk carbonates to the acoustically softer Rö t claystones (soft kick corresponding to a peak). Even on a regional scale, the seismic reflectors at the top and the base of the carbonates are (quasi) parallel and of very high lateral continuity (Figure 14) . Apart from these two bounding seismic markers, the Lower Muschelkalk is internally characterized by low impedance contrast, a fairly transparent seismic appearance caused by the absence of significant impedance contrast.
Surprisingly, the presence of the relatively thin Lower Muschelkalk, as seen by the well penetrations in Sleen field (Figure 13 ), is only poorly imaged on seismic data (Figure 14) . What is apparent from seismic data, however, is that Sleen field is situated above a Zechstein salt structure (Figure 14) . The inspection of synthetic seismograms reveals that a stack of goodquality reservoir units observed in the Sleen wells coincides with a high-amplitude intra-Lower Muschelkalk seismic reflection, an acoustic impedance increase (hard kick) reflecting the downward transition from acoustically soft (porous) to acoustically hard (tight) carbonates below (Figure 15 ). Neither the significant amounts of good reservoir nor the high-amplitude intra-Lower Muschelkalk seismic reflector is observed in wells north (well EXO) or south (well EMM) of the Sleen high. Indeed, the high-amplitude reflection is only observed across the crest of the high and dims out off the high within a few kilometers (Figure 16 ). Modeling of the seismic response to the thickness variations of the Lower Muschelkalk and the changes in petrophysical properties is needed to confirm the link between the stack of reservoir units and the additional high-amplitude reflector and to explain additional subtle variations in seismic character (Figure 16 ). It seems, however, that seismic recognition and mapping of thin-bedded Lower Muschelkalk reservoirs above paleohighs might be possible.
RESERVOIR ATTRIBUTE MAPPING
Based on an understanding of the important aspects of Lower Muschelkalk deposition and diagenesis that resulted in good reservoir quality, several attributes (thickness, facies, and net to gross) were mapped. The maps are intended to highlight regional trends and possibly identify overlooked opportunities. The promising criteria are relative Lower Muschelkalk thins, dolomudstone reservoir facies identified in core, cuttings, or sidewall samples, reservoir identified by the wire-line-logbased electrofacies scheme, and gas shows greater than 500 ppm.
Thickness
The Lower Muschelkalk thickness changes systematically with thicker successions of more than 130 m (426 ft) (wells EMM, BUI) found in the eastern, seaward part of the study area in the Lower Saxony basin (Figure 17 ). In the western, landward direction toward the Friesland Platform (producing De Wijk field) and toward the Groningen High in the north, the succession thins considerably, reaching a minimum thickness of 85 m (278 ft). Farther westward, the Lower Figure 13 . Strike-oriented regional stratigraphic cross section recording substantial Lower Muschelkalk thickness variations associated with small-scale paleohighs and paleolows.
High net-to-gross reservoir patches, e.g., Sleen field, commonly coincide with reduced Lower Muschelkalk thickness. See Figure 2 for cross section location.
Muschelkalk thins in the Central Netherlands basin (100 -70 m; 328 -229 ft) and in the West Netherlands basin (80 -50 m; 262 -164 ft). In part because of onlap, the Lower Muschelkalk is very thin ( < 40 m; < 131 ft) in the western part of the West Netherlands basin close to the London-Brabant massif (Figures 12, 17) . These substantial variations in thickness of more than 80% are interpreted to reflect variable large-scale regional tectonic trends and smaller scale intrabasinal highs and lows (e.g., SLN or BUI, EMM).
Facies Belts and Gas Shows
Four major facies belts (see legend A, B, C, D in Figure 18 ) corresponding to depositional environments were differentiated following the synoptic interpretation of wire-line -log shapes, cores, cuttings, electrofacies, and Lower Muschelkalk thickness. Facies belt A: Anhydritic dolomudstones and dolomarlstones consisting predominantly of facies 1 and 3 (coastal-plain to proximal inner ramp environment). Facies belt B: Alternating limestone and porous and tight dolomite beds composed chiefly of facies 1, 3, and 4 (distal parts of the inner ramp). The producing De Wijk field and the Winterswijk outcrop are located within this facies belt. Facies belt C: Limestone and subordinate amounts of dolomite made up of facies 1, 3, 4, 5, and 7, with occasional centimeter-thick beds of grainy skeletal facies and a slightly reduced thickness (midramp environment). Facies belt D: Limestonedominated successions consisting mainly of facies 3, 4, 5, and 6 (proximal outer ramp environment). Decimeterthick grainy facies are repeatedly intercalated in the muddy limestones. The limestone-dominated successions in the study area typically coincide with thicker sections of the Lower Muschelkalk.
Lateral facies transitions are observed at several scales (hundreds of kilometers, tens of kilometers, and several kilometers) and are associated with larger structural elements (e.g., the Lower Saxony basin or the West Netherlands basin) and smaller, local paleohighs and paleolows (e.g., SLN or EMM field) (Figure 18) . Especially, the smaller scale structures commonly cannot be resolved with well data alone but require seismic data instead.
Significant gas shows ( > 500 ppm) occur almost exclusively (95%) within Facies belt A: anhydritic and Figure 14 . Regional seismic line capturing similar Lower Muschelkalk thickness variations depicted on the well-log cross section shown in Figure 13 . The Lower Muschelkalk at Sleen field is associated with a prominent Zechstein salt structure.
marly dolomites (coastal plain to proximal inner ramp), Facies belt B: alternating dolomite and limestone (distal inner ramp), and Facies belt C: limestones with low amounts of dolomite (midramp). Conversely, gas shows are very sparse in the Facies belt D: limestonedominated sections (proximal outer ramp).
Reservoir Quantity and Quality
Similar to the variations of reservoir quality in the individual facies (Figure 6 ), reservoir quantity (net to gross) and quality, as defined by the electrofacies scheme (Figure 9 ), is not homogenously distributed within the discriminated facies belts (Figure 18 ). . Synthetic seismic data combined with wire-line-log -derived reservoir quality. The high-amplitude intra-Lower Muschelkalk reflector (impedance increase) coincides with a stack of meter-thick reservoir units in Sleen field. The high-amplitude reflector dims out, and the stacked reservoir units pinch out toward the north and the south.
RESERVOIR POTENTIAL IN THE NETHERLANDS
Within the Lower Muschelkalk of the Netherlands, appreciable amounts (net-to-gross values of 0.08 and above) of moderate to good reservoir quality are only found in the mixed limestone and dolomite facies (distal inner ramp to midramp). The patchy distribution of high -net-to-gross, good-quality areas in these facies belts indicates a smaller scale paleogeographic, paleotectonic, and paleotopographic control on reservoir distribution. High-net-to-gross, good-quality patches of reservoir occur either around regional highs (Groningen High or Friesland Platform), above hanging-wall blocks (Zandvoort Ridge), or above Permian Zechstein salt structures (e.g., SLN) ( Figure 18) .
The cluster of gas shows close to the LondonBrabant massif in the anhydritic and marly dolomudstones (coastal plain to proximal inner ramp) is problematic. In this area, the siliciclastic Rö t deposits directly below the Lower Muschelkalk consist of gasbearing and gas-producing siltstones and sandstones . It is thus inferred that gas migrated from the Rö t into the Lower Muschelkalk. Because of the poor reservoir quality of the Lower Muschelkalk in this area (as observed in core, sidewall samples, and wire-line logs), it is doubtful that this gas can be produced economically.
Future exploration and drilling efforts in the eastern to central Netherlands should involve surveying three-dimensional seismic data for paleohighs of any origin with overlying thin Lower Muschelkalk, scanning cutting samples for mixed limestone and dolomite composition and drilling with mud no heavier than necessary to enhance chances of detecting gas in this low-permeability reservoir.
RESERVOIR PREDICTION IN MUDDY EPEIRIC CARBONATES
Beyond the regional significance of the reservoir potential of the Lower Muschelkalk in the Netherlands, this study provides several process-based insights Figure 16 . Field-scale seismic line of Sleen field (detail of Figure 14 ) recognizing a high-amplitude intra-Lower Muschelkalk reflector that pinches out off the high toward the north and south.
into the potential reservoir distribution patterns of muddy epeiric carbonates deposited under similar climatic conditions (semiarid, greenhouse climate with low-amplitude, high-frequency variations in relative sea level, e.g., the Permian -Triassic or Jurassic).
1. The best reservoir facies is recognized in algallaminated dolomudstones (k up to 30 md) deposited in the distal parts of the inner ramp. Reservoir quality is the result of the accumulation of fine-grained calcisiltitic sediment and their early, facies-related dolomitization. 2. The stacking of numerous, decimeter-to meter-thick reservoir successions and their relative quality is a function of a multiordered hierarchy of transgressiveregressive depositional cycles. The best reservoir quality and the thickest reservoirs are most common in the regressive parts of lower ordered cycles. There are exceptions, however, because of the superimposed trends of the different cycle orders. 3. Although depositional cycles can be traced for hundreds of kilometers, reservoir units pinch out within a few kilometers. They may, however, reappear at the same stratigraphic level after a few kilometers. In addition, variations of reservoir quality should be expected even at field scale. 4. On a regional scale, paleohighs of structural or halokinetic origin may exhibit their own facies and layer-cake-like reservoir architecture of epeiric systems. These paleohighs may be nucleation sites for coarser, calcisiltitic sediments and promote their early, facies-related dolomitization. Figure 18 . Lower Muschelkalk facies combined with reservoir quality and quantity (net-to-gross [N/G]) data as well as gas shows. Similar to the thickness trends, the facies patterns record superimposed large-, regional-, and smaller scale trends. Reservoir quality close to the London-Brabant massif is generally poor and increases gradually with increasing distance from the massif.
5. Paleogeographic factors, such as large distance to oceanic gates, leeward wind position relative to paleohighs, the proximity to a basin-bounding paleohigh, and fine-grained siliciclastic input, result in generally low-energy conditions and poor water quality, promoting the deposition of muddy and marly epeiric carbonates and accounting for poreplugging early cements, resulting ultimately in finegrained and low-permeability carbonate reservoirs.
Although reservoirs in muddy epeiric carbonates are typically considered layer-cake and lack obvious stratal geometries, they can be recognized and mapped with standard subsurface data sets consisting of cores or cuttings, wire-line logs, and seismic data.
